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I. INTRODUCTION
Experiments at the Relativistic Heavy Ion Collider (RHIC) during the past decade have shown that the properties of the quark-gluon plasma (QGP) formed in heavy ion collisions are far more intriguing than originally conceived [1] . Instead of weakly interacting, the quark-gluon plasma was found to be a strongly coupled system with so small a shear viscosity that it behaves like an ideal fluid. The study of the QGP is expected to remain an active field of research in the future because of the proposed upgrade of RHIC and new experimental possibilities at the Large Hadron Collider (LHC). The physics of QGP is related to a wide range of other fields, such as the early universe, nonequilibrium statistical physics, string theory by AdS/CFT correspondence, and so on.
During the same time, there have also been exciting developments in the spectroscopy of heavy hadrons, starting with the discovery of the D sJ (2317) by the BABAR Collaboration [2] , whose mass could not be explained by the simple quark model, and the X(3872) by the Belle Collaboration [3] , whose mass and decay channel strongly support a nontrivial fraction ofDD * and DD * components in its wave function. The Belle collaboration also reported the finding of the Z + (4430) in the ψ ′ π + spectrum [4] . Because the Z + (4430) is a charged state, it cannot be a simple cc state. If confirmed, this would be the first evidence for the existence of an exotic hadron that is composed of two quarks and two antiquarks like ccud [5] . The question of whether multiquark hadrons exist is an old problem in the light hadron sector that began with attempts to understand the inverted mass spectrum of the scalar nonet (a 0 (980), f 0 (980), and so on) in the tetraquark picture [6, 7] . Also, the exotic H dibaryon was proposed on the basis of the color-spin interaction [8] , and it has been sought for in various experiments for a long time without success. On the other hand, the Λ(1405) baryon resonance was considered as aKN quasi-bound state in theKN − πΣ coupledchannel analysis [9] . With further development of the coupled-channel approach [10] , it has been realized that the Λ(1405) is the most obvious and uncontroversial candidate for a hadronic molecule, whose wave function is composed dominantly of aKN bound state mixed with a small πΣ resonant state [11] . If such a configuration for the Λ(1405) is confirmed in experimental measurements, it will be the first evidence for a molecular hadronic state. Many new multiquark states such as KKN ,KN N , (ΩΩ) 0 , and etc. have also been predicted.
While the Z + (4430) could be a first explicitly exotic hadron found to date, it will be a milestone in hadronic spectroscopy if other flavor exotic hadrons are found, such as the controversial pentaquark Θ + (ududs) first reported in experiments on photonuclear reactions [12] . Also, several other flavor exotic molecular and compact multiquark hadrons were previously predicted, based, respectively, on the meson-exchange and color-spin interactions. More recently, a simple diquark model based on the color-spin interaction [13, 14] was shown to naturally explain the likely existence of flavor exotic multiquark hadrons consisting of heavy spectator quarks, such as the T 1 cc (udcc), T 0 cb (udcb), and Θ cs (udusc) that were predicted before, and the newly predicted dibaryon H ++ c (udusuc). Furthermore, the stable molecular bound statesDN and DN N in the charmed sector and the BN and BN N in the bottom sector have been predicted to exist as a result of the long-range pion-exchange potential [15, 16] .
To gain insights into all these proposals and questions [13, 17, 18] , we have proposed in recent publications [19, 20] a new approach of studying exotic hadrons in heavy ion collisions at ultrarelativistic energies. There are several merits for this approach compared to the search for exotic hadrons in elementary particle reactions that have been pursued so far. First, an appreciable number of heavy quarks are expected to be produced in these collisions, reaching as large as 20cc pairs per unit rapidity in Pb+Pb collisions at the Large Hadron Collider (LHC) [21] . Second, through vertex reconstruction of weakly decaying particles, one could substantially reduce the backgrounds in the detection, making the identification of weakly decaying exotics possible. Finally, because of the large volume of quark and hadronic matters formed in these collisions and the new paradigm of hadronization through coalescence [22] [23] [24] , various exotic hadrons could be formed from the recombinations of quarks. We have therefore investigated in Refs. [19, 20] the possibility of using measurements in present and future experiments on heavy ion collisions to answer the longstanding problems in hadronic physics of identifying and examining hadronic molecular states and exotic hadrons that consist of multiquarks.
In the present paper, we extend the discussions in Ref. [19] to include all exotic hadrons that have been proposed so far. These hadrons are classified as exotic mesons, exotic baryons, and exotic dibaryons, and for each exotic hadron we give a brief summary of its properties and the status on the latest researches. Moreover, we collect all necessary references so that the present paper can be used as a general guide to the literatures on exotic hadrons. Using these information, we then evaluate their yields in heavy ion collisions based on both the statistical and the coalescence model. In particular, we present a detailed description of the calculations carried out in Ref. [19] with an emphasis on the expected yields of exotic hadrons in heavy ion collisions at LHC.
The statistical model is based on the assumption that hadrons produced in relativistic heavy ion collisions are in thermal and chemical equilibrium at temperatures that are close to that for the QGP to hadronic matter phase transition, and it has been known to describe very well the relative yields of normal hadrons [25] . The coalescence model, on the other hand, describes hadron production through the coalescence or recombination of particles [22] [23] [24] . The model has successfully explained observed enhancement in the production of midrapidity baryons in the intermediate transverse momentum region [26, 27] , the quark number scaling of the elliptic flow of identified hadrons [28, 29] , and the yield of antihypertritons recently discovered in heavy ion collisions at RHIC [30] . Furthermore, the coalescence model that takes into account the internal structure of hadrons has been shown in Ref. [31] to be able to describe the observed suppression of the Λ(1520) yield in heavy ion collisions at RHIC compared to the prediction of the statistical model [32] . As in Ref. [19] , we fix the parameters in the coalescence model by reproducing the yields of normal hadrons in the statistical model [25] . We then apply these two models to calculate the yields of exotic hadrons. As reference particles for the comparison with exotic hadrons, we consider, in particular, normal hadrons such as the strange Λ(1115) and Λ(1520), the charmed Λ c (2286), and the bottom Λ b (5620). Our results show that the yields of proposed exotic mesons, baryons, and dibaryons are large enough for carrying out realistic measurements. We further discuss their most probable weak decay channels that can be observed in experiments.
Our study shows that results from the coalescence model are sensitive to the inner structure of hadrons, such as the angular momentum, quark numbers and so on. This is different for the statistical model, because the yields of the hadrons in this model are determined mainly by their masses. To discriminate the different pictures for exotic hadrons, we can thus compare the results from the coalescence model with those from the statistical model. We find that the relative yields of light exotic hadrons in the coalescence model are very different from those in the statistical model, and this makes it possible to experimentally discriminate among the different pictures for their structures, such as multiquarks versus hadronic molecules. This paper is organized as follows. In Sec. II, we describe briefly the schematic model used for describing the time evolution of the hot dense matter formed in relativistic heavy ion collisions. We then explain the statistical model and the coalescence model used in the present study. The properties of the exotic hadrons included in this work and their predicted yields are given in Secs. III and IV, respectively. This is followed by discussions in Sec. V and conclusions in Sec. VI. In Appendix A, we derive the Wigner function of hadrons whose structures are described by the d-wave and the corresponding coalescence factor. We further give in Appendix B the coalescence factors for the general l-wave harmonic oscillator wave functions.
II. MODELS FOR HADRON PRODUCTION

A. Heavy ion collision dynamics
For the dynamics of central relativistic heavy ion collisions, we use the schematic model of Ref. [17] based on isentropic boost invariant longitudinal and accelerated transverse expansions. In this model, both the initial quark-gluon plasma and final hadronic matter are treated as noninteracting free gas, and the transition between these two phases of matter is taken to be first-order. The time evolution of the temperature and volume of the system is determined by the entropy conservation. In Table I, we tabulate the values of the critical or hadronization temperature T C and volume V C at the beginning of the quark-gluon to hadronic matter phase transition, the volume V H at the end of the mixed phase or hadronization, and the kinetic or thermal freeze-out temperature T F and volume V F for both central Au+Au collisions at √ s N N = 200 GeV at RHIC and central Pb+Pb collisions at √ s N N = 5 TeV at LHC. Also given in Table I is the abundance of various quarks at T C . As described in next subsections, hadron production in the statistical model occurs in the volume V H at the temperature T H , which is assumed to be the same as T C , while in the quark coalescence model, the production of both ordinary and multiquark hadrons occurs at the temperature T C when the volume of the QGP is V C . For the production of hadronic molecular states from the coalescence of hadrons, it takes place, on the other hand, in the volume V F at the kinetic freeze-out temperature T F .
B. The statistical model
The statistical model has been shown to describe very well the relative yields of normal hadrons in relativistic heavy ion collisions. In this model, the number of produced hadrons of a given type h is given by [25] 
In the above equations, g h is the degeneracy of the hadron and γ h is the fugacity, and V H and T H are, respectively, the volume and temperature of the source when statistical production occurs. Since strangeness is known to reach approximate chemical equilibrium in heavy ion collisions at RHIC due to the short equilibration time in the quark-gluon plasma and the net strangeness of the QGP is zero, the strange chemical potential is small and is taken to be µ s = 10 MeV. Its value decreases with increasing collision energy and is assumed to be 0 MeV in heavy ion collisions at LHC. For charm and bottom quarks, they are produced from initial hard scattering and their numbers are much larger than those expected from a chemically equilibrated quark-gluon plasma. As a result, we obtain the fugacity γ h > 1 for both charmed and bottom hadrons. In terms of the fugacities γ c and γ b of charm and bottom quarks, the fugacities of charmed and bottom hadrons are products of γ n c and γ m b where n and m are, respectively, the charm and bottom quark numbers in these hadrons. Therefore, the fugacity of hadron species h can be written generally as
where B, S, n c (nc), n b (nb) are the baryon number, strangeness, (anti-)charm quark number, and (anti-)bottom quark number of the hadron, respectively. For the charm and bottom fugacities γ c and γ b , they can be determined by requiring that the total yield of charmed or bottom hadrons estimated in the statistical model is the same as the expected total charm (N c ) or bottom (N b ) quark number from initial hard nucleonnucleon scattering. Using the values N c = 3 and N b = 0.02 for heavy ion collisions at RHIC, we obtain γ c = 6.40 and γ b = 2.2×10 6 according to the following calculations: In Table II , we also show the yield N K (NK) of K (K) mesons given as a sum of the directly produced K (K) and those from the strong decay of K * (K * ) after their freeze-out. Similarly, the yield of nucleons N N includes both directly produced N and those from the strong decay of ∆. These results are obtained by using the FermiDirac and Bose-Einstein distributions in Eq. (1). We note that approximating these distributions by the Boltzmann distribution as given in Eq. (2) does not introduce a large error (at most 1 % for exotic hadrons), while the non-relativistic approximation used in Eq. (3) leads to an error of about 30-40%.
C. The coalescence model
The coalescence model for particle production in nuclear reactions is based on the sudden approximation by calculating the overlap of the density matrix of the constituents in an emission source with the Wigner function of the produced particle [33] . The model has been extensively used to study light nuclei production in nuclear reactions [34] as well as hadron production from the quark-gluon plasma produced in relativistic heavy ion collisions [22] [23] [24] 35] . In the coalescence model, the number of hadrons of certain type h produced from the coalescence of n constituents is given by [23] 
In the above equation, g h is again the degeneracy of the hadron whereas g i is that of its ith constituent and dσ i denotes an element of a space-like hypersurface. The function f (x i , p i ) is the covariant phase-space distribution function of the constituents in the emission source, and it is normalized to their number, i.e.,
and the function f W (x 1 ...x n : p 1 ...p n ) is the Wigner function of the produced hadron and is defined by
in terms of its wave function ψ(
Following the derivation given in Refs. [17, 18] , where the non-relativistic limit is taken and the hadron wave functions are assumed to be those of a spherically symmetric harmonic oscillator, the above equation can be reduced to
where f W (y i , k i ) with y i and k i being, respectively, the internal (relative) spatial and momentum coordinates is the Wigner function associated with the internal (relative) wave function. As in Ref. [18] , we assume that the particles in the emission source are uniformly distributed in space and have momentum distributions f j (p j ) given by the Boltzmann distribution of temperature T only for the transverse momentum p j,T , while the strong Bjorken correlation of equal spatial (η j ) and momentum (Y j ) rapidities is imposed for the longitudinal momentum, i.e.,
being the space-time and momentumenergy rapidities, respectively. From the relation (12) with P T and M denoting the total transverse momentum and the total mass, respectively, we then obtain the 2-dimensional momentum distribution function of the constituents in Jacobi coordinates,f i (k i ),
where the reduced constituent masses µ i are defined by
or explicitly
In the non-relativistic limit, the rapidity variables are simplified at midrapidities (Y = η ∼ 0) as η j ≃ z j /t j and Y j ≃ p j,z /m j . We can thus omit the contribution from the longitudinal momentum in the Wigner function f (16) for the s-wave, p-wave, and d-wave, respectively, with the parameters σ i = 1/ √ µ i ω related to the oscillator frequency ω and the reduced constituent masses µ i . In Appendix A, we derive the Wigner function for the d−wave state from the harmonic oscillator wave functions.
Carrying out the phase-space integrals in Eq. (10) as shown in Appendix B, we obtain the coalescence factor for each relative coordinate,
where l i is the angular momentum of the wave function associated with the relative coordinate y i . Combining these results, we obtain the following simple expression for the yield of hadrons from the coalescence model:
where l i is 0 for an s-wave, 1 for a p-wave and 2 for a d-wave constituent,
Here we have used the relation µ i σ 2 i = 1/ω to convert the main dependence on l i into the form of the orbital angular momentum sum L. For L ≥ 2, the last factor in Eq.(18) depends on the way L is decomposed into l i . For example, for L = 2 and n = 3, the combination (l 1 , l 2 ) = (1, 1) gives a factor 4/9, while (l 1 , l 2 ) = (2, 0) leads to a factor 8/15.
Quark coalescence
To apply the coalescence model to hadron production from the QGP at the critical temperature T c when the volume is V C , we need to fix the oscillator frequency appropriately. This is done by choosing the oscillator frequencies for light, strange, charmed, and bottom hadrons (ω, ω s , ω c and ω b ) in the quark coalescence to reproduce the yields of reference normal hadrons in the statistical model. These values are then used to predict the yields of exotic hadrons.
For hadrons composed of light (up and down) quarks, we take the oscillator frequency ω = 550 MeV to obtain in the coalescence model similar ω and ρ yields as in the statistical model as shown in Table. III.
For hadrons composed of light and strange quarks, the parameter ω s in the coalescence model is determined by fitting the statistical model prediction for Λ(1115) including the contribution from resonance decays. Taking 
In the above formula, 0.87 and 0.11/3 in the bracket represent, respectively, the branching ratios of Σ(1385) → Λ + π and Σ(1385) → Σ 0 + π in the Σ(1385) decay. All numbers are calculated at T H and V H with µ s = 10 MeV and µ B = 20 MeV for RHIC. To reproduce the total yield within the coalescence model with the constituent quark masses m u,d = 300 MeV and m s = 500 MeV, we need ω s = 519 MeV after taking into account the same feeddown contributions as in Eq. (19) . Specifically, we have from the coalescence model 
We will use this parameter to estimate the yield of other hadrons that are composed of light quarks and strange quarks. As shown in Table III , this value leads to a yield of Λ(1520), which has the s quark in the p-wave state, in the coalescence model that is smaller than that in the statistical model as first pointed out in Ref. [31] . The oscillator frequency for charmed hadrons is fixed to reproduce the Λ c (2286) yield including the feed-down contribution [36] but without taking into consideration the effect of the diquarks [37] . 
we obtain ω c = 385 MeV for the charm quark mass m c = 1500 MeV. The oscillator frequency for bottom hadrons ω b = 338 MeV is obtained by fitting the sum of the statistical model results for Λ b (5620) and the contribution from Σ b (5810) and Σ * b (5830) decays at RHIC,
with the bottom quark mass m b = 4700 MeV. Since the oscillator frequencies are related to the sizes of hadrons [17, 18] , same values as determined at RHIC are used in the coalescence calculations for heavy ion collisions at LHC. Using the same ω values as those for normal hadrons, we then see from Eq. (18) that the addition of a s-wave, p-wave, or d-wave quark leads to, respectively, a coalescence factor
The production of multiquark hadrons involves more s-, p-and d-wave coalescence factors and is hence generally suppressed. Moreover, the d-wave coalescence is suppressed in comparison with the p-wave coalescence, which is further suppressed relative to the s−wave coalescence [31] .
Hadron coalescence
For the yields of weakly bound hadronic molecules from the coalescence of hadrons, they are evaluated at the kinetic freeze-out temperature T F and volume V F . The oscillator frequencies needed for hadronic molecules in the hadron coalescence is related to their mean square distances r 2 between the two constituent hadrons. For a hadronic molecule in the relative s-wave state, the oscillator frequency is given by
where
is the reduce mass. The mean square distance of the hadronic molecule can be further related to its binding energy B via the scattering length a 0 of the two interacting constituent hadrons, i.e.,
These relations are valid when the binding energy is small and the scattering length is large compared to the range of the hadronic interaction, and they can be easily obtained as follows. Using the relation k cot δ 0 (k) = −1/a 0 for the relative momentum k → 0 between the s-wave scattering phase shift δ 0 and the scattering length a 0 , the S matrix for two interacting hadrons at low energies can be approximated as
which has a pole at k = i/a 0 , corresponding to a bound state with the binding energy given by the first equation in Eq. (27) and the radial wave function outside the interaction range u b (r) ∼ e −r/a0 . Assuming that a 0 is much larger than the interaction range and using the above form of the wave function for the whole region, we obtain the mean square distance given by the second equation in Eq. (27) . For a weakly bound two-body states, we thus obtain from Eqs. (26) and (27) the simple relation ω = 6B. We note that r 2 is the mean square distance in the relative coordinate, and it is not the squared mean radius from the center-of-mass.
For example, the oscillator frequency for f 0 (980) can be obtained from ω f0(980) = 6×B f0(980) = 67. where r 2 ΩΩ = 0.84 fm [38] has been used. By the same token, we can calculate the oscillator frequencies for all the hadronic molecules, and the results are summarized in Table IV .
III. EXOTIC HADRONS
In this Section, we briefly discuss the properties, such as the quantum numbers and possible decay modes, and the current theoretical and experimental status of the exotic hadrons included in the present study. For convenience, we classify these hadrons into exotic mesons (Subsec. A), exotic baryons (Subsec. B) and exotic dibaryons (Subsec. C) as shown in Table IV .
A. Exotic mesons
For exotic mesons, we include the following:
1. f 0 (980): This I = 0 scalar particle together with the I = 1 a 0 (980) are members of the scalar nonet that has been thought to be composed of multiquark configurations [6, 7] . If f 0 (980) is a member of the multiquark configurations, its wave function then has a hiddenss component. Assuming that they are composed of quark-antiquark pair, their wave functions would be f 0 (980) ∼ ss and a 0 (980) ∼ (uū − dd)/ √ 2. An early QCD sum rule analysis suggested, on the other hand, that f 0 (980) and a 0 (980) were just the I = 0 and 1 combinations of uū and dd [39] . There are also models in which f 0 (980) is a KK molecule. While there seems to be consensus from lattice calculations that this particle is a tetraquark state, the situation is not at all clear because of the treatment of disconnected diagrams [40] .
K(1460):
This is an exited state of kaon with J P = 0 − on the particle list of the Particle Data Group (PDG) but is omitted from the summary table [41] . It was observed in the partial wave analysis of the Kππ final state in elementary reactions. Recently, this resonance has been studied theoretically in the context of the meson dynamics. In Ref. [42] this kaon was obtained from the K-f 0 (980) s-wave two-body dynamics with the f 0 (980) dynamically generated in theKK and ππ coupled channels. A later study in Ref. [43] considered the three-body coupled-channel dynamics 
ofKKK in a Faddeev approach and found a very similar kaonic excitation. A non-relativistic potential model for theKKK system was also used in Ref. [43] , and a quasi-bound state of binding energy 21 MeV and root mean square radius 1.6 fm was obtained. Thus, the K(1460) could be understood as aKKK hadronic molecular state. [44] . Due to its low mass, the structure of D sJ (2317) has been under extensive debate. It has been interpreted as a cs state [45] [46] [47] [48] [49] , two-meson molecular state [50, 51] , D − K mixing [52] , fourquark state [53] [54] [55] [56] or a mixture of two-meson and four-quark states [57] .
The set of tetraquarks with two heavy quarks were first considered in Ref. [58] . The structure with [ud] diquark is expected to be particularly stable [59, 60] and could be bound against the strong decay into D 1 D. The quantum number is J P = 1 + with I = 0; hence the decay into DD is forbidden due to the angular momentum conservation. Estimates based on the simple color-spin interaction suggest the mass to be 3796 MeV [13, 14] . The hadronic decay mode of T cc is D * −D0 if its mass is above the threshold andD 0 D 0 π − if below. If the T cc is strongly bound, it can then decay weakly to D * − K + π − with a lifetime similar to that of theD meson. A molecular state with the same quantum number was also predicted to exist within the pion-exchange model [61] . The production of doubly charmed hadrons in heavy ion collisions at RHIC was discussed in Ref. [62] , and also estimated for LHC [13] . This state could also be searched for at Belle. In particular, the search should be similar to that for the doubly charmed baryon such as the Ξ cc . Here are the two possibilities. The first one is through the decay of the B meson. Unfortunately the search at Belle was not successful [63] as the dominant subprocess was the weak decay of theb quark into ac by emitting a W + (→ cs). Therefore, while the cc is produced, the cc creation might be highly suppressed. On the other hand, another more feasible search is in the continuum background where two cc pairs are known to be produced in the reaction e + e − → J/ψX(3940) [64] .
X(3872):
The Belle collaboration found this particle in the
. CDF, D0, and BaBar have confirmed its existence, and the current world average mass is 3871.2 ± 0.39 MeV. Although the new BaBar result favors the J P C = 2 −+ assignment [65] , the established properties of the X(3872) are in conflict with this assignment [66, 67] . Therefore, the favored quantum numbers are J P C = 1 ++ with the isospin violating decay modes. This particle was predicted in Ref. [68] as a DD * 0 bound state within a mesonexchange model. It was shown in this study that in the DD * sector the one-pion exchange interaction alone is strong enough to form a molecular state that is bound by approximately 50 MeV. In this case, other molecular states of D * D * , D 1D * , D 1D and D 0D are also expected to exist as the pion exchange is allowed in these channels as well. In other studies, it has been claimed that the X(3872) has the admixture of thecc component and is thus a tetraquark hadron [5] . Its dominant decay modes include J/ψπ + π − , J/ψπ + π − , and D 0D π 0 .
Z + (4430): The Belle collaboration observed this charged state in B
+ → Kψ ′ π + through its decay into ψ′π + [4] . The reported mass and width are M = 4433 MeV and Γ = 45 +18+30 −13−13 MeV, respectively. The reported mass is close to the D 1D * threshold and hence the possible structure for this state is either a molecular or a tetraquark state [5] . As commented in the discussion on X(3872), the one-pion exchange interaction could bound a D 1D * molecular state. So far, no other experiment has confirmed this finding. In particular, BaBar [70] . If confirmed, the Z + (4430) is the first prime candidate for an exotic particle. Considering the Z + (4430) as a loosely bound s-wave D 1D * molecular state, the allowed angular momentum and parity are J P = 0 − , 1 − , 2 − , although the 2 − assignment is probably suppressed in the B + → Z + K decay by the small phase space. Among the remaining possible 0 − and 1 − states, the former will be more stable as the latter can also decay to D 1D in s-wave. Hence the 0 − quantum number is favored.
Very recently the BELLE collaboration [71] reported the observation of two narrow charged structures in the hidden-bottom decay channels π ± Υ(nS) (n = 1, 2, 3) and 7. T 0 cb (udcb): Both the light diquark and heavy antidiquark are scalar diquarks so that J P = 0 + with I = 0. This particle could be strongly bound with a mass of 7149 MeV [14] . As it has theD 0 B 0 component, it can decay weakly via T
B. Exotic baryons
For exotic baryons, we consider the following:
1. Λ(1405): This resonant state with I = 0, J P = 1/2 − , mass 1406±4 MeV, and width 50±2 MeV [41] has been considered as a quasi-bound state of thē KN system [9] , even before the establishment of the QCD. The modern theoretical approach based on the chiral dynamics within the unitary framework (the chiral unitary approach) [10, 11, [72] [73] [74] [75] [76] also suggests that this resonant state is dynamically generated in the meson-baryon scattering including theKN and πΣ channels, and is dominated by the meson-baryon molecular component [77] . The mean square distance betweenK and N in the Λ(1405) is evaluated to be r 2 = 2.7 fm 2 in the chiral unitary approach [78] , in which the Λ(1405) peak appears around 1420 MeV in theKN channel. This value leads to a smaller oscillator frequency for the bound state (ω Mol. = 20.5 MeV) than that fixed by the binding energy with the Λ(1405) mass of 1405 MeV. Its dominant decay mode is πΣ in the I = 0 channel, but there may be the possibility of observing it in the γΛ decay mode.
Θ + (uudds):
This flavor exotic baryon with strangeness S = +1, J P = 1/2 + and I = 0 was predicted in the chiral soliton model [79] . The intriguing features are its light mass of 1540 MeV and narrow width, which partly motivated the first experimental observation by LEPS [12] . Although the LEPS result was confirmed by several other experiments, it was subsequently followed by negative results with high statistics such as in the high energy collision experiment by PHENIX [80] and the low energy photoproduction experiment by CLAS [81] . On the other hand, the recent LEPS result maintains a positive signal [82] . The most suitable hadronic decay mode for its identification in an inclusive experiment is Θ + → K 0 p. The production rate in heavy ion collisions has been estimated in the statistical model [83] [84] [85] and in the coalescence model [17] . In the quark model, the spin-parity of Θ + is 1/2 − if all five quarks are in the s-wave orbit but is 1/2 + after including the strong diquark correlation [86] . The possibility of a 3/2 − state has also been proposed to explain its narrow width [87] . A recent comprehensive QCD sum rule study favors, however, the 3/2 + assignment [88] .
3.KKN :
The quasibound state ofKKN was predicted to be a hadronic molecular state of N * with a mass of 1910 MeV, J P = 1/2 + and I = 1/2 in the variational calculation using a hadronic twobody potential [89] . This state was confirmed by a coupled-channels Faddeev calculation [90] . It has been interpreted as a coexistence state of the Λ(1405)K and a 0 (980)N clusters, and its main decay modes are thus the KπΣ from the Λ(1405) decay and the πηN from the a 0 (980) decay. Since thē KKN is a hadronic molecular state, it has a large spatial distribution. The root mean square radius is found to be 1.7 fm and the interhadron distances are larger than 2 fm [89] .
4.DN (D
* N ) and BN (B * N ): The quark contents of these hadron molecular states are similar to the Θ c(b) but with the different quantum numbers of J P = 1/2 − and I = 0. Recently, based on the heavy quark symmetry, a pion induced boundDN -D * N molecular state was predicted to exist with a binding energy of a few MeV below the threshold of 2806 MeV [15] . This is a shallow bound state compared to the deeply bound Θ c of about 100 MeV below the threshold. An easily identifiable decay mode is
The BN molecule would be more stable, because the heavy quark symmetry amplifies the strong mixing between BN and B * N and thus suppresses the kinetic energy. The mass of the BN molecule was predicted to be a few tens MeV below the threshold of 6218 MeV, and the possible weak decay mode is
In a more recent study [16] [15] , and the same ω is used for its excited state,D * N (B * N ).
5. Θ c (uuddc) and Θ b (uuddb): The bound Skyrmion approach predicted the bound exotic hadron Θ c with the mass of 2650 MeV and quantum numbers J P = 1/2 + and I = 0 [91] . There was one experiment reporting a positive signal [92] at a mass around 3.1 GeV, but no confirmation exists so far [93] . An easily identifiable decay mode is K + π − π − p if the state is strongly bound and D * − p if it is a resonant state. Similarly, the Θ b mass was predicted to be 5207 MeV with the same quantum numbers J P = 1/2 + and I = 0. The possible weak decay mode is
6. Θ cs (udusc): In the quark model including the color-spin interaction, the J P = 1/2 − and I = 0 five-quark state can be bound and becomes stable against the strong decay [94, 95] . The mass is predicted to be 2920-2930 MeV, depending on the model parameters. This state was searched for in the Fermilab E791 experiment through the φπp mode [96] and the K * 0 K − p mode [97] , and the results are so far negative.
C. Exotic dibaryons
The exotic dibaryons included in the present study are:
1. H dibaryon: This particle was first predicted in Ref. [8] as a deeply bound state below the ΛΛ threshold. Despite extensive searches such as in the BNL-E885 experiments [98] , deeply bound H dibaryons have not been observed. The discovery of the double-Λ hypernucleus ( 6 ΛΛ He) in the Nagara event [99] finally excluded the possibility of deeply bound H dibaryon, as the two Λ particles can decay strongly into the core nucleus and the H dibaryon if the H mass is below the ΛΛ threshold by more than the ΛΛ separation energy (B ΛΛ = 7.25 ± 0.19
MeV) [99] . As a result, we now have only a narrow window for the H particle to be bound, 0 < B H < ∼ 7 MeV, where B H is the binding energy of H from the ΛΛ threshold. The reason why the H particle does not strongly bound may be due to the instanton-induced determinant (KobayashiMaskawa-'t Hooft) [100] interaction, which acts repulsively in the H channel and may cancel the strong color-spin attraction, as demonstrated in the quark-cluster model [101] . There is, however, still a possibility that the H particle exists as a resonance. In the KEK-E522 experiment, an enhancement in the ΛΛ invariant mass spectrum is observed at 10-20 MeV above the threshold [102] , while the significance as a peak is only around 2σ. This peak-like enhancement cannot be explained by the final-state interaction [103] . Recent lattice calculations have suggested that a bound state pole exists around the SU(3) limit [104] . With the realistic SU(3) breaking, this bound state pole would be shifted to a weakly bound state or a resonant state between the ΛΛ and ΞN thresholds. If we apply the low energy scattering formula (Eq. (27)), the rms radius of the H resonance as a bound state of ΞN [102] may be evaluated to be 0.9 − 1.3 fm.
2.KN N : Motivated by the existence of the Λ(1405)
resonance below theKN threshold, the possibility of boundK-nuclear systems was proposed in Ref. [105] based on a phenomenologicalKN potential. Since then the simplestKN N system has been intensively studied both theoretically and experimentally. While the experiment by FIN-UDA [106] indicates a peak structure at 2255 MeV in the ΛN invariant mass spectrum, the interpretation of the peak as theKN N state is still controversial [107] . Recent rigorous few-body calculations for theKN N system indicate that the system bounds in the J P = 0 − and I = 1/2 channel [108] [109] [110] [111] . With a suitable treatment of the energy dependence of theKN interaction, the mass of theKN N system is predicted to be about 2350 MeV [112] [113] [114] . In heavy ion collisions, this state can be observed in the ΛN or πΣN invariant mass spectrum.
3. (ΩΩ) 0 + : This is a deeply bound six-quark state predicted by the chiral quark model [38, 115] . It has a large binding energy of about 116 MeV and a small root mean square distance of 0.84 fm between the two Ωs. Because of its large strangeness content, it is stable against strong hadronic decays and possesses the weak decays (ΩΩ) 0 + → π − +Ξ 0 +Ω − and (ΩΩ) 0 + → π 0 + Ξ − + Ω − with a mean lifetime estimated to be about four times longer than the free Ω lifetime of 0.822 × 10 −10 sec. Apart from these conventional decay modes, the nonmesonic decay (ΩΩ) 0 + → Ξ − + Ω − is also possible; and the estimated lifetime of (ΩΩ) 0 + for this process is twice the free Ω lifetime. Thus, instead of direct observation, the (ΩΩ) 0 + may also be detected in the Ξ − Ω − invariant mass distribution.
H ++
c : This dibaryon with J P = 0 0 and I = 1 is predicted in Ref. [14] . It is expected to be strongly bound as it is composed of [ud], [us] , and [uc] scalar diquarks, and one of which has to break in order for H ++ c to fall apart and to decay to p + Ξ + . The lifetime is expected to be similar to that of Ξ + , and the dominant hadronic weak decay mode is expected to be p + ΛK − π + π + .
5.DN N and BN N : The attractiveDN and BN interactions would lead to boundD and B mesons in the nuclear medium as their binding energies increase with increasing nuclear density. TheDN N and BN N molecular states predicted in Ref. [15] are thus nuclei with minimum baryon number. The quantum numbers can be J P = 0 − or 1 − and I = 0 with different types of weak decay mode. Thē DN N states have the decay modes
− with all charged particles in the final state, while the BN N states have the decay modes
Therefore, the experimental observation of these decays makes it possible to determine both the spins and parities of these hadronic molecular states.
IV. YIELDS OF EXOTIC HADRONS IN HEAVY ION COLLISIONS
We show in this Section the expected yields of exotic hadrons described in the previous Section from central Au+Au collisions at √ s N N = 200 GeV at RHIC and central Pb+Pb collisions at √ s N N = 5.5 TeV at LHC. They include results for all possible structure configurations, e.g. multiquark hadrons and hadronic molecules, calculated from the coalescence model in addition to those estimated from the statistical model. These results are shown in Table V . We also give some discussions on the obtained results.
Comparisons of the yields in the 2q/3q/6q column to those in the 4q/5q/8q column in Table V show that for most of the hadronic states considered here, the yield from the coalescence model for the compact multiquark state is smaller than that for the usual quark configuration as a result of the suppression due to the coalescence of additional quarks indicated in Eq. (25) . For the same state, the yield from the coalescence model for the molecular configuration is, however, larger than that from the statistical model prediction as seen from comparing the yields in the Mol. column to those in the Stat. column in Table V . This is in contrast to high energy pp collisions, where molecular configurations with small binding energies are hard to be produced at high p T [116] . To see more clearly the effect of the structure of a hadron on its production in heavy ion collisions, we show in Fig. 1 the ratio of the coalescence model results to those from the statistical model,
Generally, the ratios for the 2q and 3q configurations are within the range of 0.2 < R h < 2 for normal hadrons, which is shown by the grey zone. This also applies to exotic hadrons with most of the 2q/3q configurations, as shown by the triangles. We observe that the coalescence yield for an exotic multiquark hadron (diamond) is smaller than those for the usual quark configuration and from the statistical model predictions. This is consistent with the naive expectation that the multiquark coalescence becomes suppressed as the quark number increases.
The tetraquark states f 0 (980) and a 0 (980) are typical examples. In these hadrons, tetraquark configurations necessarily involve strange quarks, and they are thus more suppressed. This suppression also applies to the 5q states in exotic baryons (Λ(1405), Θ + (1530),KKN, and Θ cs ) and the 8q state in theKN N .
The yields of hadronic moleculars from the hadron coalescence (circles) depend strongly on the sizes of hadrons. For deeply bound and compact hadronic molecules, their yields are comparable to or smaller than the predictions of the statistical model. On the other hand, the loosely bound extended molecules would be formed abundantly. One typical example is Λ(1405) that are shown in Table IV for the two cases of ω = 20.5 and 174 MeV. The smaller value, corresponding to a small binding [75, 76] , gives a larger size for the Λ(1405). As a result, antikaons produced in heavy ion collisions have larger probabilities of coalescing with nucleons, resulting in more abundant production of Λ(1405). On the other hand, for the larger ω value, which corresponds to the case that the pole position of the S-matrix for the two-hadron interaction is around 1405 MeV, the Λ(1405) can be regarded as a deeply bound state and thus has a smaller size, and hence its yield becomes smaller.
V. DISCUSSIONS
Our results based on the coalescence model for hadron production in relativistic heavy ion collisions have indicated that their yields are strongly dependent on their structures. Therefore, measuring the yields of exotic hadrons allows us to infer the internal configuration of exotic hadrons [19, 20] . For example, we have mentioned in Sec. IV A that as possible configurations for f 0 (980), quark-antiquark pairs (∼ ss, uū, and dd), a tetraquark state, and a KK hadronic molecule have been proposed. To confirm its structure, we refer to preliminary data from the STAR Collaboration for the production yield ratios of f 0 (980), π, and ρ 0 [117] . From these results we find that the measured yield of f 0 (980) is close to 8, which means that it is more probable for the f 0 (980) to be produced as a hadronic molecule state than a tetraquark state (See the order of magnitude difference between the yield in the 4q/5q/8q column and that in the Mol. column in Table V) . Therefore, we conclude that the STAR data seem to rule out a dominant tetraquark configuration for the f 0 (980). Further experimental efforts to reduce the error bar are thus highly desirable.
For some exotic hadrons, our results show that the yields are similar for the hadronic and the molecular configuration, despite the difference in the coalescence temperatures T C and T F . This can be attributed to the larger size of the molecular configuration. Assuming other factors are similar, the s-wave factors involved in the coalescence at T F are similar to those at T C as long as the relevant molecular size is related to the hadron size as σ C = (V C /V F ) 1/3 σ F as can be inferred from Eq. (25) after neglecting the temperature dependence in the denominator. If we additionally assume that the volume scales as V ∝ T −3 , we find that the condition for the molecular coalescence to be similar to two-quark coalescence is that the molecular size scales as σ F = σ C T C /T F , which is more or less satisfied by some exotic hadrons considered here, such as the D s (2317).
Our study also shows the interesting result that the ratio R CS h of the yield in the coalescence model to that in the statistical model is almost the same at RHIC and LHC. This similarity comes from the universal feature of the QCD phase transition; the common critical temperature and the common volume ratio V C /V H . In the non- relativistic approximation shown in Eq. (3), it is possible to rewrite the statistical model yield in the coalescencelike form,
where we consider the hadron h to be composed of several constituents, B = i m i − m h is the binding energy, and N i,H represents the yield of the i-th constituent at the volume V H . This relation holds since the fugacity of a particle is equal to the product of the constituent fugacities, and the particle fugacity is related to the yield according to
By using Eqs. (31) and (18), the ratio R CS h is found to be approximately given as
Since T C and T H are the same at small baryon chemical potential, the particle density N i /V C , N i,H /V H and the volume ratio V C /V H would be common at RHIC and LHC. As a result, the ratio of the production yield of hadrons in the coalescence model to that in the statistical model becomes the same at RHIC and LHC.
In Fig. 2 , we show the hadron mass dependence of the ratio R CS h in heavy ion collisions at RHIC. The results are similar in heavy ion collisions at LHC as discussed in the above. It is seen that the effect of the internal structures of exotic hadrons on R CS h is particularly large for light exotic hadrons. We also show the ratio for normal hadrons. Here we have included the resonance decay contribution to pseudoscalar mesons such as ρ → 2π in evaluating the ratio. This estimate would be closer to the observational condition. As already mentioned, the ratios for normal hadrons are found to be in the range of 0.2 − 2.
It should be noted that the coalescence model may overestimate the yield of very loosely bound molecules. Since the average hadron distance is around 2 fm and the temperature is T F = 125 MeV at the thermal freeze-out, the loosely bound and spatially extended hadrons would dissociate easily through the final-state interactions with other hadrons. For example, the deuteron yield is calculated to be around 1.4 per unit rapidity, which is larger than the statistical model prediction (∼ 0.3). Experimental data seems to be consistent with the statistical model result, suggesting the possibility of later coalescence of loosely bound particles with a few MeV binding energies [118] .
VI. SUMMARY
In this article, we have proposed a new approach of studying exotic hadrons in relativistic heavy ion collisions at RHIC and LHC. We have considered the yields of proposed exotic hadrons; f 0 (980), a 0 (980), K(1460), D s (2317), T Our results indicate that the yields of many exotic hadrons are large enough to be measurable in experiments. In particular, heavy exotic hadrons containing charm and bottom quarks as well as strange quarks can be possibly observed at RHIC and especially at LHC. Therefore, relativistic heavy ion collisions will provide a good opportunity to search for exotic hadrons. In particular, it may lead to the first observation of new exotic hadrons. Also, we have found that the structure of light exotic hadrons has a significant effect on their yields in heavy ion collisions. For a hadron of normal quark structure, its production yield relative to the statistical model prediction R h = N h /N stat h is found in the range of 0.2 − 2. The yield ratio is smaller (R h < 0.2) if a hadron has a compact multiquark configuration. For a hadron of molecular configuration with an extended size, its yield is, on the other hand, larger than the normal values (R h > 2). Therefore, the ratios of measured yields from experiments on heavy ion collisions to those predicted by the statistical model provides a new method to discriminate the different pictures for the structures of exotic hadrons. The study of exotic hadrons in relativistic heavy ion collisions thus will help answer longstanding problems on the existence and structure of exotic hadrons. 
By replacing b with σ(= 1/ √ µω), we obtain the d-wave coalescence factor using Eqs. (10) We derive in this Appendix the coalescence factor for a general angular momentum l-state given by Eq. (17) . For constituents that are uniformly distributed in space, we can integrate the Wigner functions over space to obtain the momentum distribution of the constituents in the hadron. For the harmonic oscillator wave function of the lowest energy state with a given l, it is given by
with the normalization P l (k)d 3 k/(2π) 3 = 1. The coalescence factor is then given by 
